This study aimed to determine the association of teardrop angle and anteroposterior distance with anterior lunate facet displacement and articular congruity before and after anterior plating of distal radial fractures. We included 36 patients with complete intra-articular distal radial fractures with separate anterior lunate facet fragments. On radiographs we determined the teardrop angle and anteroposterior distance. On digital three-dimensional models we measured proximal-distal, anteroposterior and ulnoradial anterior lunate facet displacement, and we outlined the gap surface area. Preoperatively, teardrop angle was highly associated with the extent of anterior lunate facet displacement. Increased anteroposterior distance was mainly associated with articular incongruity after anterior plate fixation. This information may reduce the need of preoperative computed tomography scans in fractures with a normal tear drop angle. This is particularly useful in low-resource settings.
Introduction Medoff (2005) introduced the teardrop angle as a measure of articular incongruity on plain radiographs of distal radial fractures. The teardrop represents the U-shaped outline of the rim of the anterior lunate facet. The angle is determined between a line drawn down the central axis of the teardrop (parallel to the subchondral bone) and the central axis of the radial shaft. When axial loading injuries create a split lunate facet, the anterior lunate fragment can rotate posteriorly. In such cases reduction might restore anterior tilt and radial inclination, but significant articular incongruity can remain. It is postulated that a depression of the teardrop angle is the only radiographic indicator of such remaining incongruity.
Another potential measure for articular incongruity is anteroposterior (AP) distance (Medoff, 2005) . This is the distance between the apex of the posterior rim and the anterior rim of the lunate facet. As the lunate is driven down and fractures the radial's articular surface, the anterior and posterior rim move away from each other, resulting in an increased AP distance.
Quantitative three-dimensional computed tomography (Q3DCT) can accurately determine individual three-dimensional (3D) fragment displacement (Teunis et al., 2016) . A reliable measure of articular displacement on plain radiographs could potentially reduce the number of CT scans, and could be useful in low resource settings or situations when CT is impractical, for example during surgery or regular follow-up.
We aimed to determine how well teardrop angle and AP distance measured on radiographs relate to actual anterior lunate facet displacement. For distal radial fractures and operated distal radius fractures, we asked: (1) Do the teardrop angle and AP distance measured on radiographs correlate with anterior lunate facet overall displacement measured in a 3D model? (2) Do the teardrop angle and AP distance correlate with (a) proximal-distal displacement, (b) posteroanterior displacement, and (c) radial-ulnar displacement of the anterior lunate facet? (3) Do the teardrop angle and AP distance correlate with gap surface area on a 3D model and correlate with gap and step-off measured on sagittal CT scans? We specifically tested the primary null hypothesis that after distal radial fracture, the tear drop angle does not correlate with overall anterior lunate facet displacement.
Materials and methods

Study design
This retrospective study was a secondary analysis of a prospective multicentre trial (registered ClinicalTrials.gov, protocol number NCT01103297) (Teunis et al., 2017) . The initial study enrolled 73 consecutive patients over 18 years old with isolated AO/ OTA (Arbeitsgemeinschaft für Osteosynthesefragen/ American Orthopaedic Trauma Association) type B or C distal radial fractures who were eligible for anterior plate fixation. We excluded pregnant women and patients with previous ipsilateral or current pathologic fractures. Institutional review board approval was obtained at each centre. Postfracture and postoperative radiographs and CT scans were obtained in a standardized fashion (AO Clinical Investigation and Documentation, 2010) . Thirty-six patients with an AO/OTA type C fracture and a separate anterior lunate facet fragment identified on CT scan were included in this study.
Radiographic measures
On lateral radiographs we measured the teardrop angle between a line drawn down the central axis of the teardrop (parallel to the subchondral bone) and the central axis of the radial shaft (Medoff, 2005) (Figure 1 ). The AP distance was defined as the distance between the apex of the anterior and posterior rim.
Measurements on 3D models
The CT scans were used to create digital 3D models to facilitate quantitative Q3DCT analysis. Using Q3DCT we outlined the edges of the fracture gap at the articular surface, resulting in the surface area of the articular gap. We then measured the proximaldistal, posteroanterior and ulnoradial displacement of the anterior lunate facet fragment on a fixed 3D grid. Negative displacement means greater proximal, posterior or ulnar displacement. Positive displacement means greater distal, anterior or radial displacement. By combining these measures one can calculate the 3D vector of anterior lunate facet fragment displacement (Figure 2 ) (Teunis et al., 2016) :
A video depicting this method is available at: http://www.traumaplatform.org/currentprojects. In brief, we recorded the coordinates of the location of the centre of the anterior lunate facet fragment on a 3D grid. Subsequently, we virtually reduced the fracture using a template of an intact radius. We used the same template for all fractures. After virtual reduction we recorded the new coordinates of the centre of the fragment. By subtracting the old coordinates from the new position, we calculated the proximaldistal, posteroanterior and ulnoradial displacement.
Measurements on CT scans
CT sagittal step-off and gap at the anterior lunate facet were determined according to the arc method ( Figure 3) (Cole et al., 1997) . TT and SM performed all radiographic, 3D and CT measurements according to previously described methods (Medoff, 2005; Teunis et al., 2016) .
Reliability
We previously found interobserver agreement intraclass correlation of the teardrop angle to be 0.66 (95% confidence interval (CI) 0.40 to 0.81), AP distance 0.89 (95% CI 0.82 to 0.94), 3D vector displacement 0.82 (95% CI 0.69 to 0.90), and gap surface area 0.93 (95% CI 0.74 to 0.98), CT sagittal step-off of 0.56 (95% CI 0.33 to 0.73), sagittal gap 0.85 (95% CI 0.74 to 0.92) (Teunis et al., 2016 (Teunis et al., , 2017 .
Study population
Of the original cohort of 73 patients, 36 were included in this study because each one had a separate anterior lunate facet fragment. The patient demographics and fracture measurements are detailed in Tables 1 and 2 .
Statistical analysis
Continuous data are presented as mean (SD), and discrete data are presented as percentage and number. We used Pearson correlations to compare two continuous variables. We had no missing variables. Apriori power analysis for our primary null hypothesis indicated that a sample of 35 participants would provide 80% statistical power, with alpha set at 0.05, to find a correlation of 0.46 or higher. This was based on a previous study (Fujitani et al., 2012) , and only a rather large correlation would make the radiographic teardrop angle a reliable measure for anterior lunate facet displacement.
Results
Overall 3D displacement
Teardrop angle and AP distance measured on radiographs were not associated with overall 3D displacement of the anterior lunate facet in a digital model after fracture or after surgery (Table 3) .
Q3DCT displacement
Greater teardrop angle after fracture was associated with greater distal and anterior displacement of the anterior lunate facet fragment. After surgery the teardrop angle was not associated with any other measures of displacement of the anterior lunate fragment (Table 3) .
Greater AP distance after fracture was associated with greater proximal displacement of the anterior lunate facet. After surgery the AP distance was not associated with any other measures of displacement of the anterior lunate fragment (Table 3) .
Gap surface area and CT displacement
Greater teardrop angle after fracture was associated with greater step-off on sagittal CT scan. After surgery, the teardrop angle was not associated with any measures of displacement on CT. After fracture, the AP distance was not associated with any measures of displacement on CT. After surgery, greater AP Figure 3 . Gap and step-off measured on sagittal CT with the arc method. A circle is drawn along the curvature of the articular surface of the anterior lunate facet. A line is drawn (marked axis) through the geometric centre of the circle, passing through to the next articular fragment.
Step-off is measured between the intersection of the axis and the circle (c) and the bone (b). Gap is measured between the corner of the anterior lunate facet (a) and (c). We selected the CT image with the largest gap and stepoff. distance was associated with greater surface area of the articular gap, greater CT sagittal step-off and gap (Table 3) .
Discussion
The teardrop angle and AP distance have been noted to be important measures of articular displacement in distal radial fractures -particularly, displacement of the anterior lunate facet. This postulation is based on wisdom instead of objective measurement. We used Q3DCT analysis on digital fracture models to determine how well the teardrop angle and AP distance measured on radiographs relate to actual anterior lunate facet displacement. After injury, the teardrop angle is associated with anterior lunate facet displacement, but not after surgery. Increased AP distance is mainly associated with articular incongruity after anterior plate fixation. A reliable measure of articular displacement on plain radiographs could potentially reduce the number of CT scans obtained and is useful in situations when CT is impractical, for example operatively or during follow-up. This study has some limitations. First, we selected cases based on CT scans that demonstrated a separate anterior lunate facet. This limits generalizability of our results to fractures with an unclearly separated anterior lunate facet. Second, we included 36 fractures. A larger sample size may have found smaller correlations significant. Third, this study was powered on our primary null hypothesis. All other analyses are hypothesis generating and should be reassessed in future study. Fourth, although rotation is part of anterior lunate facet displacement as well, our methods could not assess it.
Teardrop angle and AP distance were not associated with overall 3D displacement of the anterior lunate facet after injury or surgery. Overall displacement is the vector of displacement on three axes: proximal-distal, posteroanterior and ulnoradial. Since the teardrop angle and AP distance are measured on lateral radiographs, they do not include ulnoradial displacement. Because ulnoradial displacement makes up part over the overall 3D vector, it dilutes the strength of any correlation with overall 3D displacement.
After injury, greater teardrop angle is associated with greater distal and anterior displacement of the anterior lunate facet, which makes it a valid measure of anterior lunate facet displacement in new distal radial fractures. We found a postoperative nearly normal mean teardrop angle. During anterior locking plate fixation, great care is taken to reduce and secure the anterior lunate facet. Any residual articular incongruity can probably no longer be gauged from the (restored) teardrop angle. After surgery, the teardrop angle seems no longer to be a reliable measure to gauge articular incongruity.
Greater AP distance was only associated with greater distal anterior lunate facet displacement after fracture. After surgery, AP distance was not associated with proximal-distal, posteroanterior and ulnoradial anterior lunate facet displacement. AP distance after injury and after surgery does not seem to be a very accurate measure of anterior lunate facet displacement. Teardrop angle after injury was associated with CT sagittal step-off. A larger sample size might have resulted in an association with CT gap and Q3DCT gap surface area. A previous study reported a correlation of the teardrop angle with CT articular gap and step-off after fracture (Fujitani et al., 2012) . After injury, a greater teardrop angle resembles step-off measured on CT and potentially measures gap. The association of teardrop angle with CT gap could be confirmed by future study with a larger sample size. After surgery, the teardrop angle no longer reflects articular incongruity, probably due to near-to-normal teardrop angle restoration after anterior plating.
After injury, AP distance was not associated with CT measures of articular incongruity. However, after surgery, greater AP distance was associated with greater articular gap surface area, and CT sagittal gap and step-off. Therefore, after surgery, AP distance could be used to gauge articular incongruity, when the teardrop angle loses its validity. Future study could assess the effect of teardrop angle and AP distance on functional outcome.
